ABSTRACT Unilamellar liposomes with diameters of 25-100 ,m were prepared in various physiological salt solutions, e.g., 100 mM KCI plus 1 mM CaCl2. Successful 
INTRODUCTION
Giant liposomes, greater than 10 ,um in diameter, have been utilized to study physical properties of lipid bilayers, such as mechanical properties (Servuss et al., 1976 ; Kwok and Evans, 1981; Hotani, 1984; Schneider et al., 1984; Engelhardt et al., 1985; Farge and Devaux, 1992) and electrical properties (Harbich and Helfrich, 1979; Buschl et al., 1982; Needham and Hochmuth, 1989; Teissie et al., 1989; Itoh et al., 1990; Kinosita et al., 1992; Stoicheva and Hui, 1994) . They have also served as a cell model involving proteins or intact cells (Ketis et al., 1980; Hotani and Miyamoto, 1990 ; Longo et al., 1992; Miyata and Hotani, 1992; Miyata and Kinosita, 1994; Evans et al., 1995; Soltesz and Hammer, 1995; Noppl-Simson and Needham, 1996) .
For giant liposomes to serve as a cell model, they should be prepared under an ionic condition close to the physiological one, and their unilamellarity must be proved. However, preparation of the liposomes based on the "gentle hydration method" (Reeves and Dowben, 1969; Mueller et al., 1983; Needham and Evans, 1988) was successful only at low ionic strengths, e.g., up to -10 mM NaCl, far lower than the physiological level. The lamellarity of the liposomes was not always investigated. The preparation protocol of giant unilamellar liposomes under physiological ionic conditions should be established.
Here we report on the preparation of giant liposomes at an ionic strength close to the physiological level, using an improved gentle hydration method. Unilamellarity of the liposomes was confirmed by three independent methods, phase-contrast microscopy (Servuss and Boroske, 1979) , fluorometric assay (Schneider et al., 1984) , and the measurement of the area elastic modulus (Kwok and Evans, 1981) . Fluorescence imaging of ionophore-induced K+ transport in individual liposomes indicated that the giant liposomes were stable and did not allow the passage of K+ in the absence of ionophores.
MATERIALS AND METHODS Materials
Phosphatidylcholine (egg), phosphatidylglycerol (egg), phosphatidic acid (egg), phosphatidylserine (bovine brain), and cardiolipin (bovine heart), all sealed in ampoules, were obtained from Avanti Polar Lipids Co. (Alabaster, AL). Phosphatidylethanolamine (egg yolk, Type IE), bovine serum albumin, and nigericin were from Sigma Chemical Co. (St. Louis, MO). Valinomycin and monensin were from Wako Chemical Co. (Tokyo) . Octadecyl rhodamine B (R18), di4-ANNEPS, PBFI, and 1,3,6,8-pyrenetetrasulfonic acid (PTS) were obtained from Molecular Probes, Inc. (Eugene, OR) . All other chemicals were of analytical grade. Deionized water (Mill-Q system; Millipore, Tokyo) was used in all experiments.
Lipids except cardiolipin were each dissolved at 10 mg/ml in chloroform:methanol (2:1 by volume) dehydrated with Molecular Sieves 3A (Wako Chemical Co.) and stored under a blanket of argon at -25°C.
Cardiolipin was dissolved at 5 mg/ml in chloroform and stored in the same way. Nigericin, monensin, and valinomycin were dissolved and stored at 10 mM in methanol or ethanol.
Before use, the purity of the lipids was checked by thin-layer chromatography on a precoated plate (SILICAGEL 60; Merck, Darmstadt, Germany) with chloroform:methanol:water (65:25:4) as the developing solvent. Lipids that exhibited contaminant spots, e.g., lyso compounds, were not used. The degree of lipid oxidation was estimated from UV absorbance 3242 Giant Liposomes in Physiological Saline (New, 1990 (Hoekstra et al., 1984; MacDonald, 1990) (0.53 s) and corrected it for background (medium alone) and shading (small unevenness of illumination in an image plane; Kinosita et al. (1991) Fig. 2 A) . Liposomes that exhibited approximately circular periphery were selected for analysis. For each liposome the intensity profile along the circular periphery ("ring protile") was calculated as described (Hibino et al., 1991) . The After a liposome was aspirated at a weak negative pressure, the negative pressure P was increased stepwise, while the diameter D of the spherical portion of the liposome outside the pipette and the length L of the portion inside the pipette were observed by phase-contrast microscopy (images were integrated over 16 frames and stored into a frame memory). 10-32 data sets were obtained from a liposome before it ruptured at a high pressure. The membrane tension T and the area dilation a are given approximately by the following equations (Kwok and Evans, 1981) :
where Lo is the length L for which a = 0 and d is the inner diameter of the micropipette. Lo should be >dl2. For T above 0.5 dyn/cm, where bending resistance of the membrane is negligible (Helfrich and Servuss, 1984; Evans and Rawicz, 1990) , the following linear relation is expected:
where K is the area elastic modulus of the membrane. For each liposome, data at T> 0.5 dyn/cm were fitted with the above equations to yield K and Lo.
Estimation of D and L in the phase image was not straightforward, because the location of the liposome edge was not immediately clear. The edge was better defined in a fluorescence image. We therefore stained several liposomes with 90 p.M di4-ANEPPS after aspirating the liposomes at the micropipette tip and observed the phase and fluorescence images with one CCD camera to establish the relationship between the edge locations in the phase and the fluorescence image. The concentration of di4-ANNEPS was high to permit fluorescence imaging with the CCD camera. Presumably because of this, the stained liposomes were suscepti Akashi et al. 3243 Volume 71 December 1996 ble to mechanical perturbation: further aspiration resulted in rupture of the aspirated liposomes. After the edge location was established, we deternined the displacement of the leading edge of the liposome inside the micropipette with subpixel precision by calculating the cross-correlation between two images (Gelles et al., 1988) . The estimated precision in this correlation analysis was -0.1 pixel (=0.0325 ,um).
RESULTS

Observation of giant liposomes
When the liposome suspension was diluted in an external medium and examined by phase-contrast microscopy, giant liposomes with diameters of tens of micrometers were found, as shown in Fig. 1 . Most of the giant liposomes appeared circular or slightly off circular, and their peripheries were undulating rapidly owing to thermal fluctuation. The edges of the liposomes appeared as relatively thick, dark bands because of the difference in the refractive indices of the internal and the external media. Direct observation by eye revealed an additional, weak but sharp, contrast at the very edges of liposomes. The edge contrast differed among liposomes. We judged the lowest-contrast and fluctuating liposomes to be unilamellar. The human judgment was borne out by more objective, quantitative fluorometric and aspiration assays, as shown below. Here we call those liposomes that are unilamellar and greater than 25 ,um in diameter "giant liposomes." The largest giant that we observed had a diameter of >300 ,um (Fig. 1 B) .
Many of the liposomes, though they appeared almost circular in an image plane, were found to be flattened when we observed their outermost edges by changing the focus level (the effect of refraction at the cover slip-solution interface was corrected for). The axial ratio of the oblate liposomes was variable: a ratio as low as 0.56 was found for a large liposome (diameter of -90 ,um) . This flattening must have resulted from the difference in the density between the internal and the external media and excess surface area for the volume. The density difference would have created tension in the membrane, which restricted the membrane undulation within a small amplitude.
Starting from 1 mg of lipid in a test tube, our protocol yielded 1 ml of liposome suspension as the final product. When 5-10 ,ul of the suspension was diluted in an observation chamber, we typically found 10 giant liposomes in the whole chamber. Thus, a total of _ 103 giant liposomes were produced in one tube. This is our criterion for a successful preparation.
In addition to giant liposomes, our protocol produced small vesicles, large but multilamellar liposomes, as well as myelin figures and lipid debris. At the dilution used, however, these extra materials did not seriously interfere with the observation and manipulation of a selected giant liposome (Fig. 1 C) . Conditions for the formation of giant liposomes
Phosphatidylglycerol could be replaced with another negatively charged lipid, phosphatidylserine (Fig. 1 D) , phosphatidic acid (Fig. 1 E) , or cardiolipin (Fig. 1 F) . (Fig. 1 H) . Changing pH between 6 and 8 in 50 mM potassium phosphate did not alter the appearance of giant liposomes. Without a pH buffer, solutions in Table 1 showed a pH of -5. Addition of HEPES and Tris at 5 mM (pH 7.1) did not affect the yield.
Fluorometric estimation of the lamellarity
For a quantitative estimation of the number of bilayers in a liposomal membrane we stained the membrane with R18. The staining did not alter the yield or the appearance (phasecontrast images) of the liposomes. Fig. 2 A shows fluorescence images of four liposomes prepared in the same test tube. All images were recorded at the same sensitivity. Compared with the least bright liposome at the left, the other three were brighter by factors of -2, -3, and -4, as the intensity profile at the bottom shows. The liposome at the left was judged unilamellar in the phase-contrast image.
The average intensity of a ring-shaped liposome image was calculated from the ring profile as described in Materials and Methods. In Fig. 2 B the average intensity is plotted against the liposome diameter. To obtain this figure we scanned 10 observation chambers and scored all liposomes that appeared circular and were greater than 25 gm in diameter. The plots can be divided into several groups, as indicated by the dashed lines. Up to the fourth group the fluorescence intensities were approximately integer multiples of the lowest ones. The distribution in a quantum manner strongly suggests that the liposomes in the lowestintensity group were unilamellar. These liposomes were in fact the ones that showed the lowest contrast in the phase image. Thus, the fluorescence intensity serves as a reliable indicator of the number of bilayers. . Lipid composition and internal and external media were as in Fig. 1 The fluorometric distinction of lamellarity is facilitated by the relatively weak dependence of the fluorescence intensity on the liposome diameter (Fig. 2 B) . In the calculation of the ring profile, only the brightest part of the ringshaped image of a liposome is taken into account (Hibino et al., 1991) . The outer edge of a liposome image is brightest because the membrane lies parallel to the optical axis and the fluorescence from that part of the membrane that is within the focal depth is integrated. For liposomes that are much greater than the focal depth (several micrometers) the integrated intensity is expected to be only weakly dependent on the liposome diameter.
Estimation of lamellarity from the area elastic modulus To confirm the unilamellarity further we subjected liposomes that were judged unilamellar in the phase-contrast images to the micropipette aspiration test. Fig. 3 A shows a typical plot of membrane tension T versus area dilation a. A linear relation was obtained for T > 0.5 dyn/cm, as in other studies (Kwok and Evans, 1981; Evans and Rawicz, 1990) . The area elastic modulus K was calculated from the linear portion and is plotted against liposome diameter in Fig. 3 B.
Liposomes that ruptured below T = 1.0 dyn/cm were excluded from this plot because K could not be determined reliably. The solid line in Fig. 3B shows the mean value, 163.3 dyn/cm (the one with K = 339 dyn/cm is excluded). This value is within the range of literature values for unilamellar membranes, e.g., 140 dyn/cm for egg phosphatidylcholine (Kwok and Evans, 1981) . All points in Fig. 3 (Jezek et al., 1990; Venema et al., 1993) . A giant unilamellar liposome encapsulating 100 mM Na+, 100 mM sucrose, and PBFI (5 ,ul of suspension) was placed in a solution (550 ,ul) containing 100 mM K+ and 100 mM glucose. As described above, the density difference between the internal and the external media caused flattening of the liposome (Fig. 4 C, left) .
The fluorescence intensity of PBFI remained stationary, except for slight photobleaching, for at least several minutes (between -473 and 0 s in Fig. 4 B) Fig. 4 A. The fluorescence of PBFI almost doubled, indicating K+ uptake, and again remained essentially stationary. Calibration using the same media, without liposomes, indicated that the fluorescence intensity of PBFI in a solution containing 100 mM K+ was approximately twice higher than that in a solution containing 100 mM Na+.
During the course of K+ uptake the liposome changed its morphology. Initially, the liposome appeared as an easily deformable ellipse (cf. the images at 6 and 22 s shown in Fig. 4 A) , indicating that the liposome had an excess area for its volume. Later (28 s in Fig. 4 A) , its shape became an undeformable circle, indicating that the liposome became a complete sphere. Given that the liposomal membrane area remains constant, the loss of deformability indicates an increase in the liposomal volume (swelling) accompanying the influx of K+ (Fig. 4 C) ; the corresponding H+ efflux would be buffered by the phosphate in the internal and external media. If the membrane had been permeable to other solutes, such an osmotic swelling would not have been observed. In the image plane the diameter of the resultant circle was slightly smaller than the minor axis of the ellipse. The initially flattened liposome grew in height at the expense of the lateral size. Both the swelling and the fluorescence increase were consistently observed in the total of six liposomes tested.
Swelling complicates the interpretation of the intensity of fluorescence images. As a control, we prepared liposomes encapsulating PTS, which is insensitive to K+, and allowed them to swell under hypotonic conditions. The change in the liposome shape that accompanied the swelling (Fig. 4 C) resulted in an apparent increase in the integrated fluorescence intensity, but the increment did not exceed 20%. Most of the fluorescence increase in Fig. 4 B, therefore, represents a genuine response to a rise in K+ concentration. In contrast to nigericin, valinomycin, a K+ ionophore, did not increase the PBFI fluorescence. Subsequent addition of nigericin induced a stepwise increase similar to the one in Fig. 4 B. These results are consistent with the expectation that valinomycin alone will immediately establish a membrane potential that opposes further influx of K+ (Jezek et al., 1990 (Rand, 1981; Evans and Needham, 1987) . 2) 37°C incubation, which significantly promoted the liposome formation; when we attempted to prepare liposomes at 4°C (Mueller et al., 1983) Relationship to other studies Giant liposomes containing a charged lipid as an ingredient have been prepared in 10 mM NaCl by the hydration method (Needham and Hochmuth (1989) ), but we found that the ionic strength could be raised to 100 mM with respect to K+ and that Mg2+ or Ca2+ ions at physiological concentrations could be incorporated into the liposomes. Neutral lipids have been shown to hydrate and form unilamellar structures even in the presence of salts; thermal fluctuations of membranes are the source of repulsive force between the membranes (Servuss and Helfrich, 1989; Lipowsky, 1991) . This, however, has been reported to take much longer time than in pure water (Servuss and Helfrich, 1989) . We have been unable to observe, with our preparation method, giant unilamellar liposomes composed of neutral lipids alone at KCI concentrations over 1 mM. A number of other methods have been utilized to prepare at high ionic strengths giant liposomes entrapping biomacromolecules: ether injection (Deamer and Bangham, 1976) , reverse-phase evaporation (Szoka and Papahadjopoulos, 1978; Fraley et al., 1980) , and the double-emulsion method (Kim and Martin, 1981) . However, the sizes of the liposomes (average -10 t,m) may not be always sufficient for their manipulation under an optical microscope. A dialysis method (Oku et al., 1982) and a freeze-thaw method (Tank et al., 1982; Oku and MacDonald, 1983a,b; Higashi et al., 1987; Elbaum et al., 1996) have been employed to prepare at high-ionic-strength giant liposomes, the sizes of which, in some cases, exceeded 50 ,um in diameter. These methods, however, include step(s) that may be too severe for some proteins to survive. In addition, the unilamellarity of individual liposomes was not always confirmed in many of the above studies.
In some cases the lamellarity for individual liposomes was examined by electron microscopy (Hub et al., 1982; Mathivet et al., 1996) or that for a liposome suspension by measurement of the trapped volume and total lipid (Oku et al., 1982; Oku and MacDonald, 1983a,b) . Obviously, these methods do not allow one to use the assayed individual liposomes in the subsequent experiment. Higashi et al. (1987) measured the membrane electrical capacitance of a giant liposome by means of the patch-clamping technique for evaluation of the unilamellarity; however, no distribution of the capacitance in a quantum manner was exhibited.
In this study, we assessed the lamellarity of the individual liposomes by three independent methods: phase-contrast microscopy, fluorometry, and the micropipette aspiration test. We demonstrated that all three methods gave consistent results, confirming that the giant unilamellar liposomes were indeed prepared under the physiological ionic condition. Of the three, the simplest and most reliable method was fluorometry. Because the fluorescence intensity was relatively insensitive to the liposome size (Fig. 2 B) , a simple intensity analysis of a fluorescence image suffices to identify unilamellar liposomes (see the intensity profile in Fig. 2A ). Fig. 4 we occasionally noticed that a liposome underwent lysis after it became fully spherical owing to the influx of K+. Such lytic phenomena would be undetected in a cuvette measurement.
The giant liposomes prepared at high ionic strengths by the previous methods were completely spherical and were probably under tension (Oku et al., 1982; Higashi et al., 1987) (Hotani and Miyamoto, 1990; Kiis and Sackmann, 1991; Farge and Devaux, 1992; Miyata and Kinosita, 1994) or the effect of ionic strength on mechanical properties of the lipid bilayers (Winterhalter and Helfrich, 1992) . Further, inasmuch as the tension in the liposomal membrane can be controlled, by the aspiration method or otherwise, a study of the kinetics of mechanosensitive channels may also be feasible (Sokabe et al., 1991; Opsahl and Webb, 1994) .
